The relationship between engorgement weight of female Ixodes scapularis Say and characteristics of offspring was studied using field-collected females fed on rabbits in the laboratory. The number of eggs laid was positively related to maternal engorgement weight in one trial, and larval size (estimated by scutal area) was positively related to maternal engorgement weight in the other. These results suggest a trade-off in number of eggs produced versus average size of offspring, possibly determined during late engorgement. The adults for the two trials were collected from different sites in southern Rhode Island and in different seasons (the fall adults were newly emerged, while the spring adults had presumably lived through the winter), so it is not clear whether these results reflect genetic differences or subtle environmental differences between trials. Percent egg hatch and average fat content of larvae were not related to female engorgement weight. We present a modified method to measure lipid content of pooled larval ticks.
Engorgement weights of female ticks presumably affect characteristics of larvae, which in turn can affect population parameters of ticks such as density, longevity, and associated seasonal patterns. These larval characteristics can potentially have important implications for transmission dynamics of pathogens (Randolph et al. 2002; Ogden et al. 2007; Balashov 2010 Balashov , 2012 . Some investigators have found that female engorgement weights differ when the ticks feed on different host species (Koch and Hair 1975, Bechara et al. 1995) , potentially tying host associations to population performance. However, little is known about the relationships between female engorgement weights and larval characteristics such as number of eggs, hatchability, larval size, and fat content.
The importance of larval characteristics to tick populations is enhanced by the large numbers of larvae produced by individual females, each of which potentially lays thousands of eggs (Sonenshine and Roe 2014) . In a stable population, only two of those larvae survive to reproduce, implying powerful selective pressure on ticks during each generation. Recent research has shown differences in survival patterns of larval Ixodes scapularis Say from different geographical locations, when placed under identical environmental conditions (Ginsberg et al. 2014) . It is not clear whether these differences result from differences in size or fat content of larvae, which might arise from differences in female engorgement weights. In that study, only three females from each locale were used in each trial, so any effects of female engorgement weight could have been confounded by genetic differences between the populations from the different locations.
In this study, we examine the relationship between female engorgement weight and larval characteristics using females collected from southern Rhode Island. We develop a modified method to quantify fat content of larval ticks, and report numbers of eggs laid, hatching success, larval size, and fat content as a function of engorgement weight of Rhode Island field-collected females fed on rabbits in the laboratory.
Materials and Methods
Adult I. scapularis were collected from sites in southern Rhode Island, fed until repletion on rabbits (one rabbit for each trial, both fed on alfalfa pellets ad libidum) in the laboratory at the University of Rhode Island (IACUC protocol AN08-04-017), and their larvae were used for the current study. The adults for Trial 1 were collected from two sites along Middle Bridge Road in April 2014, and Trial 2 from two sites along South Road in October 2014, in South Kingstown, RI. Engorged females were weighed to 0.1 mg precision on a GH-120 Balance (A&D Company Ltd., San Jose, CA), and placed in humid chambers at 22.4 C and $97% RH until oviposition. After a period of eclosion (which lasted 1-2 wk), some larvae were collected for separate survival experiments, and the remaining larvae and unhatched eggs (in the original 3-dram snap cap plastic vials) were frozen at À80 C on the day that the experiment was set up. Therefore, all larvae that were used for measurements of size and fat content were selected on the day each trial was set up. The vast majority of the eggs ($90%) had hatched by the time of each trial, and percent hatch did not differ between trials (Table 1) .
Scutal Area and Larval Counts
Larvae from the survival experiments (H.S.G., unpublished data) were used for scutal measurements. We used scutal area as a measure of body size because the sclerotized scutum is not likely to change size due to factors such as level of hydration or engorgement, as the soft abdominal body parts might (the measurements were taken after the survival experiments), and because scutal area is a measure of size that is independent of weight. Furthermore, Chiera et al. (1985) reported a positive relationship between scutal length and unfed weight of adult Rhipicephalus appendiculatus, indicating that scutal size is an appropriate measure of overall tick size. Greatest length and width were measured using a reticle eyepiece on a Wild M3Z dissecting microscope (Leica Microsystems, Wetzlar, Germany), and scutal area was estimated as an ellipse in reticle units (1 reticle unit ¼ 0.017 mm). Larvae were selected at random for measurement (larvae were assigned to treatments using a random number table, and one larva from each test vial was selected at random for measurement). Mean scutal area values were based on measurements of 16 larvae from each of the 14 clutches in Trial 1 (¼ 224 larvae) and 18 larvae from each of the 10 clutches in Trial 2 (¼ 180 larvae). The two treatments in Trial 1 (using clutches of larvae from 14 female ticks, total of 2,710 larvae roughly evenly divided among treatments) were 1) Northern conditions, a photoperiod of 14.5:9.5 (L:D) h and 23.3 C day:16.7 C night, and 2) Southern conditions, a photoperiod of 14.2:9.8 (L:D) h and 32.2 C day:18.3 C night. Both treatments were held at $85% RH, and the experiment lasted 768 h. The treatments in Trial 2 (using clutches of larvae from 10 female ticks, total of 2,693 larvae roughly evenly divided among treatments) were 1) Northern conditions, 21.3 C day: 16.7 C night, and 2) Southern conditions, 31.9 C day: 18.3 C night. For both treatments, L:D was 15:9 h, test specimens were held at $75% RH, $85% RH, or $95% RH (assigned at random, RH achieved using saturated salt solutions), and the experiment lasted 1,104 hr. After each experiment, larvae were preserved in 95% ethanol and held for scutal measurements. Larvae and unhatched eggs remaining in the original vials (which had been frozen at À80 C) were counted. Larvae that had been removed for survival experiments and for fat content determinations were added to get the total number of eggs laid, total number of larvae, and percent hatching success.
Fat Content Determinations
Larvae from the original vials (which had been held at À80 C) were separated cold (on petri dishes on three thicknesses of newspaper over dry ice), and a pool of 100 larvae from each clutch was selected from scattered locations on the petri dish and transported to the lab of CL and BV for fat content determinations. Each pool (from the 24 experimental clutches) was placed in a respective 1.5-ml Eppendorf microcentrifuge tube, stored in a À72 C freezer, and analyzed for lipid content within a month. Before the analysis, tubes were left at room temperature overnight to avoid any condensation on the surfaces of tick samples. We did not dry the pools to determine larval dry weights because drying could potentially hinder fat extraction due to tissue compaction and lipid binding to protein from thermal drying. Heat can activate lipases, which can degrade some lipids, and lipids can be modified by autoxidation (Johnson 1971) , especially in very small samples. Furthermore, measures of lipid content as a function of dry weight can vary with initial moisture content (Balasubramanian et al. 2013 ). Our specimens had been frozen at the same time as the experiments were set up, so percent fat as a function of wet weight was closer to the physiologically meaningful fat content in the live ticks than percent fat dry weight would be. We avoided the pitfall of differential water adsorption in different pools by running all ticks at the same time, and the pools were all left on the lab bench over the same night. Therefore, any effect of water adsorption overnight would be the same for all pools, and would not affect the relative fat content determinations of different pools. Furthermore, the pools were left overnight in an air-conditioned lab during late fall, which was therefore cool and dry, so water adsorption was minimal.
A pool of 100 ticks from each tube was weighed to three decimal places (mg) and transferred into a respective 1.5-ml microtissue homogenizer (Kimble-Chase Science & Research, Vineland, NJ) to which 100 ml chloroform-methanol (2:1) was added. The tick specimens with solvent were homogenized for 1 min with a mini-pestle having a ground tip ( Fig. 1 ). Homogenization was done using a hand-held motorized driver (Black & Decker, Towson, MD) to which the pestle stem was attached. The samples were then centrifuged at 7,000 g for 5 min in a MicroV microcentrifuge (Fisher Scientific, Waltham. MA). A microanalysis of lipid followed the procedures described by Cheng et al. (2011) . An aliquot of 60 ml was carefully drawn out of each tube and pipetted into a respective well of the glass-coated microplate (Fisher Scientific) along with a standard oil-containing solvent at 10 mg corn oil/ml solvent. To assess lipid content, we prepared a calibration curve by varying the lipid content from 0-120 mg (Fig. 2) . The solvent in the wells was evaporated at 90 C in a water bath with shallow water. Then, 100 ml H 2 SO 4 was added and incubated at 90 C for 20 min and cooled to room temperature on ice water for $2 min. Upon incubation, the background absorbance was read at 540 nm in a Pyros plate reader (Associates of Cape Cod, East Falmouth, MA). Immediately, 50 ml vanillin-phosphoric acid reagent (0.2 mg vanillin/ml and 17% phosphoric acid) was added and held at room temperature for 10 min before the final reading at 540 nm. The lipid values were obtained by referencing the net absorbance values, obtained by subtracting the background absorbance from the final absorbance values, against the calibration curve. Percent lipid content is expressed per unit tick weight. We tested consistency by splitting one pool approximately in half and measuring fat content in the two half pools. We obtained similar values for lipid content (coefficient of variation ¼ 1.217%), indicating consistency in measurement.
Statistical Analysis
The relationships between female engorgement weights and the number and hatching success of eggs, and the size and fat content of larvae, were characterized using linear regression (SAS, version 9.3, proc GLM, and Microsoft Excel). We also developed an index that would be roughly correlated with the biomass of offspring produced by each female, by multiplying the number of eggs laid by the mean scutal index of larvae. This index was also regressed on female engorgement weight. No trends in residuals were seen in any comparisons. We compared tick characteristics between experiments using t-tests (Microsoft Excel, Data Analysis program). Significance of correlations was determined using Table 25 in Rohlf and Sokal (1981) .
Results
Female I. scapularis laid an average of 1,378 eggs, ranging from 433 to 2,448 (Table 1) . Female engorgement weight, number of eggs laid, and hatching success did not differ between trials, but larval size (measured as scutal area) and fat content were significantly greater in Trial 2. Maternal engorgement weight was predictive of scutal area in Trial 1, but not the number of eggs laid, hatching success, or larval fat content (Table 2 ). In Trial 2, maternal engorgement weight was predictive of the number of eggs laid, but not of hatching success, scutal area, or fat content. The relationship between female engorgement weight and the number of eggs laid showed a positive slope in both trials (Fig. 3 ), but the relationship was significant only in Trial 2. Similarly, the relationship between female engorgement weight and scutal area showed positive slopes in both trials (Fig. 4) , but was significant only in Trial 1. Scutal area was not correlated with the number of eggs laid, either positively or negatively, in either trial (Trial 1, r ¼ 0.463; Trial 2, r ¼ 0.120, P > 0.05 in both cases). We multiplied the number of eggs laid by mean scutal area to get an index that would be roughly correlated with total biomass produced. Maternal engorgement weight was marginally related to this index in Trial 1 (R 2 ¼ 0.250, F ¼ 4.001, P ¼ 0.069), and strongly related in Trial 2 (R 2 ¼ 0.553, F ¼ 11.113, P ¼ 0.009). At the level of the clutch of larvae, we found no relationship between tick size (as measured by mean scutal area) and mean fat content per unit weight, either using direct comparisons (Trial 1, F ¼ 2.820, P ¼ 0.119; Trial 2, F ¼ 0.093, P ¼ 0.768) or log transformed scutal area and fat content values (Trial 1, F ¼ 2.675, P ¼ 0.128; Trial 2, F ¼ 0.064, P ¼ 0.806).
Discussion
We observed marked variation (over twofold in some cases) in the engorgement weight of females that had fed together on an individual rabbit. Our results show a clear relationship between maternal engorgement weight and the number of eggs produced in one trial, and the average size of larvae (measured by scutal area) in the other trial (Table 2) . In contrast, we found no relationship between female engorgement weight and egg hatching success or larval fat content. These results are compatible with those of Madden et al. (1996) who found that engorgement weights of female Amblyomma americanum differed when fed on guinea pigs on different diets, and that the females in the group with heavier engorgement weights produced more eggs and heavier larvae, but there was no difference in hatchability. In our study, the relationship between maternal engorgement weight and the number of eggs or size of larvae varied in different trials ( Figs. 3 and 4) . Our results suggest that there is a trade-off between numbers of eggs laid and investment in each egg. This could result from genetic differences between the cohorts of females used in our two experiments, or from seasonal or some other environmental differences that we did not detect. Furthermore, the females in Trial 1 were collected in April, so they had presumably lived through the winter, and thus were older (and had possibly encountered more environmental stress) than the females from Trial 2, which were collected in October, and were newly emerged (adults typically start to appear in early October in Rhode Island). Interestingly, both larval size and fat content were greater among the larvae of the newly emerged females in Trial 2 (Table 1) compared with larvae of the older females in Trial 1. We treated the females and eggs the same in both trials, but the quality of the rabbits on which the females engorged or some other subtle environmental factors might have differed in the two trials. It is not clear, however, whether any of these differences influenced the apparent trade-off between number of eggs produced and average size of larvae.
One can only speculate, at this point, about the physiological mechanisms responsible for the increases in egg production or larval size associated with increased female engorgement weight. Primary oocytes appear in ticks after the nymphal bloodmeal, and oocyte development occurs during female engorgement. Apparently, oocyte development is irregular, so that oocytes scattered along the wall of the tubular ovary vary substantially in size during engorgement (Ogihara and Taylor 2014) . Vitellogenin and ecdysteroid concentrations increase during the rapid feeding stage of I. scapularis females (James et al. 1997 ), suggesting that any trade-off between nutrient input into oocytes (potentially related to larval size) and numbers of oocytes that develop, occurs during the latter period of engorgement and might be influenced by host-related factors (e.g., nutritional or immune factors in the bloodmeal). However, it is not clear from our results whether this apparent trade-off results from environmental conditions, ages of ovipositing females, or genetic predispositions, or whether it is simply an artifact of small sample sizes. Physiological studies, especially on ticks during successive feedings on rabbits, could help clarify this phenomenon, which clearly warrants further study. Randolph et al. (2002) reported a positive relationship between body size (reduced dry weight) and fat content of individual nymphal Ixodes ricinus. They also reported that square root fat content as a function of reduced dry weight showed no relationship with body size, measured as reduced dry weight. We similarly found no relationship between body size and fat content per unit weight in larval I. scapularis, using either direct or logarithmic comparisons, and there were no trends in the residuals. These results are similar because a positive relationship between body size and overall fat content could result in a flat relationship between body size and fat content per unit weight. However, Randolph et al. (2002) measured fat content per unit dry weight, whereas we measured fat content per unit wet weight. Since all specimens were treated the same within each study, the comparisons of relative fat content are valid within studies, but comparisons between studies are difficult. The square root transformation used by Randolph at al. (2002) might have been needed because of methodological or other differences between our studies. Clearly, there are several additional differences between our methods that complicate comparisons. One is that Randolph et al. (2002) measured fat content of individual nymphal ticks, whereas we made fat content measurements on pools of 100 larvae. Fat content of individual nymphs can be measured by weighing before and after fat extraction (Randolph and Storey 1999 , Randolph et al. 2002 , Hermann et al. 2013 , but this approach has not been successful for larvae (Randolph et al. 2002) because of their small size. Our colorimetric method with pools of larvae (Lee and Volson modification of the Cheng et al 2011 method) provides an approach to extend fat content measurements to larvae. The similar results obtained from our split pool (CV ¼ 1.217%) suggests that smaller pool sizes could be used with our technique. Nevertheless, comparisons of measures of individual ticks might not provide clear comparisons with measurements made on pools. Furthermore, fat content varies through time in ticks (Maroun 1972 , Kamal and Kamel 1977 , Steele and Randolph 1985 , Randolph and Storey 1999 . Our samples were taken from recently eclosed larvae that were all sampled at the same time, whereas samples in other studies were taken from ticks collected from the environment through the season (although Randolph et al. (2002) provided some results for newly recruited nymphs). Differences in specimen preparation prior to fat extraction further complicate comparisons, as mentioned above. Randolph et al. (2002) dried nymphs at 70 C for 24 h to get dry weight, and expressed fat content in relation to reduced dry weight (weight after fat was removed). In contrast, we left larvae at room temperature ($20 C) overnight before fat analysis to prevent water condensation, but measured fat content per unit wet weight. We ran all pools at the same time, so any water gain or loss in our samples would be the same for all pools and relative fat content measurements are valid. Nevertheless, this difference makes comparisons between studies difficult. In addition, we used scutal index as a measure of larval size because it is independent of weight, while Randolph et al. (2002) used reduced dry weight, which is used both in the calculation of fat content per unit weight, and as a measure of tick size. Therefore, despite the apparent compatibility of the results from our studies, further research would be needed to clarify these relationships. For example, our method could be applied to pools of nymphal ticks, or it could be modified to measure fat content as a function of tick dry weight, which might help determine whether these methodological differences might affect comparisons of results among studies. We did not measure the infection status of the adults used in this study, and it is plausible that infection status of females might influence characteristics of their larvae. Adults from the same samples in 2014 were infected with Borrelia burgdorferi (11 of 30 tested by PCR), Babesia microti (1 of 30), and Anaplasma phagocytophilum (4 of 30) (M.C.D., unpublished data), so infection status might have had some unknown influence on our results. The effect of maternal infection status on larvae is worthy of future study.
The differences that we found in the numbers and size of larvae produced by females of different engorgement weights could result in population-level effects on tick host choice, because females engorging on different host species (Koch and Hair 1975, Bechara et al. 1995) or on hosts with different diets (Madden et al. 1996) can differ in engorgement weight. Increased larval size or increased numbers of eggs laid would both presumably increase the likelihood of survival of larvae from that clutch, and thus fitness of the female tick. Indeed, the results of the survival trials from this experiment (H.S.G., unpublished data) indicate that larval size (as measured by scutal area) is positively related to tick survival. Therefore, factors that affect female engorgement weight can potentially provide selective pressures for host selection, or for questing behavior, with implications for host choice. Differences in host-seeking behavior can, in turn, have important implications for pathogen transmission (Randolph et al. 2002 , Arsnoe et al. 2015 . Subtle interactions between ticks and hosts can therefore have important effects on tick populations, and potentially on human health.
